INTRODUCTION
This research continues our cooperative effort to study the effects of largescale surface roughness on ultrasonic transmission through interfaces and updates our previously-reported results [1] . The Center for Nondestructive Evaluation has developed a model for the propagation of ultrasound through a surface and into an isotropic metal and this model is undergoing experimental validation at Battelle PNL. Once validated, this model will be used as an engineering tool to study the effects of surface conditions upon an ultrasonic inspection of nuclear reactor components. The goal is to quantify and develop requirements to limit the adverse effects of surface conditions during such an inspection. Currently, there are no ASME Code requirements dealing with surface conditions during an UT inspection. Commonplace in the field are abrupt step discontinuities on the order of 1.5 mm. M. S. Good [2] has measured up to a 12 dB signal loss from a 10% through-wall notch due to a 1.5-mm step.
In order to see how a step discontinuity affects an ultrasonic inspection, consider the situation shown in Fig. 1 in which a transducer travels across a 0.061-inch step on a 0.596-inch thick plate. Couplant gel occupies the space between the probe and the metal surface. The path of the central ray is shown as it refracts at the plastic-gel interface and the gel-metal interface. So that the tip of the transducer can reach the top of the step, the transducer must be rotated by 3.02°. A calculation shows that point P moves a distance of 0.16 inches during this rotation and also that the pulse-echo time increases by 2.8 microseconds [3] . Therefore, the rotation of the transducer, even by such a seemingly small amount, -
Transducer crossing a step discontinuity 0.061 inches (1.5 mm) high on a plate 0.596 inches thick.
results in some areas not being scanned effectively by the central ray of the transducer.
ISOTROPIC MODEL: RECENT IMPROVEMENTS
Reference 1 and the references cited therein provide a description of the hybrid, Gauss-Hermite ray tracing beam model. The experimental set-up, which will be described in more detail shortly, is shown in Fig. 2 and we shall compare the pressure measured by the microprobe with the predictions of the model. For the pressure generated by the transducer, we expand an assumed piston profile in a series of Gaussian-Hermite basis functions, whose laws of propagation, known analytically, are used to predict the beam profile incident on the interface. A raytracing model is then used to approximate the change in the beam as it propagates across the irregular interface. Just past the interface, the fields are reexpressed in terms of the Gaussian-Hermite beam model, which is used to describe the subsequent propagation to the lower surface. The output of this initial version of the code gives the amplitude versus the x-coordinate using the coordinate system described in Fig. 2 , with the effect of the lower metal surface being neglected (i.e., the fields are predicted as if the medium were semi-infinite).
The step discontinuity is described by a square grid of points using a coordinate system with an origin at the top of the step. The grid points range from x (and y) between -3.0 cm to 3.0 cm with a grid point separation of 0.03 cm. The z coordinate describes the height of the step at each grid point, where z = 0 when x is positive and z = -(step height) when x is negative. These grid points are used in the ray tracing part of the code.
A recent improvement involves propagating waves from the metal into the water below the plate, using a procedure similar to that employed at the entry surface. Surfaces of constant phase determine the direction of the rays that strike the bottom surface of the metal and transmission coefficients yield the amplitude in the water. Since the transmission coefficients are a function of the angle of the ray, the pressure in the water is not simply proportional to that on the bottom surface of the plate. The results of some calculations show that, for longitudinal waves, the principal effect is to reduce the amplitude somewhat when x is greater than zero.
EXPERIMENTAL OBSERVATIONS Data Set I
A schematic diagram of the experimental set-up is shown in Fig. 2 . The steel plate, having a thickness of 0.624 inches (1.585 em), contains three steps: 10 mils (0.0254 em), 30 mils (0.0762 em), and 60 mils (0.1524 em). A O.5-inch diameter transducer produced ultrasound having a frequency of 2.0 MHz. The transducer was mounted on a plexiglas bracket that was designed to produce the desired incident angle 9 and the bracket was fastened to the steel plate. The distance between the center of the transducer and the top of the step was 6.3 cm for the normal orientation, 6.4 cm for 45° longitudinal wave generation, and 6.7 cm for 45° shear generation. A microprobe, 10 mils in diameter, was attached to a laboratory x-y scanner and used to measure the pressure over a 2 inch x 2 inch scan, every 10 mils in the x and y directions at a distance 3 mm below the bottom surface.
When the incident angle 8 (defined in Fig. 2 ) is 10.4°, a longitudinal wave (<1> = 45°) as well as a shear wave (<1> = 21.7°) are produced in the steel. Here we used a 4-cycle tone burst to excite the transducer. When the incident angle 8 is 20.2°, only a shear wave (<1> = 45°) is produced in the steel and we used an 8 cycle tone burst. When the beam was directed normal to the step, we also used an 8 cycle tone burst.
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Separation of Longitudinal and Shear Signals
When the incident angle is 10.4°, both longitudinal and shear waves will be produced in the steel. Each can be detected by the microprobe. One certainly needs to assess under what conditions there might be interference between these two signals. 4 Consider a longitudinal wave generated in steel at an angle of 45° and a shear wave at 21.7° and assume that they are plane waves. For a thickness of 0.624 in, a calculation shows that the shear signal will arrive at the microprobe 3.0 microseconds after the longitudinal signal and that this time is independent of the position of the microprobe. For this reason, we used a 4 cycle tone burst (2 microseconds in length) in obtaining the longitudinal data at 45°.
Data Analysis
The A-scan data were analyzed in two ways: 1) using a gated composite Cscan and 2) a fast Fourier transform (FFf) analysis. In the first method a point is selected on the A-scan and the software selects similar points on all of the Ascans. Then a gate of a certain width (here, 1 microsecond) is selected and is centered over the point. The software selects the maximum amplitude of the Ascan signal within the gate. We also decided to develop a FFf analysis applicable to the SUN Workstation. We analyzed data using both methods and found that there is very little difference in the results. However, FFf-analysis capability permits us to use a type of signal other than a tone burst to excite the transducer.
Figures 3 through 5 show the comparison of the experimental data obtained from the FFf analysis with the theoretical calculations. Care was taken to ensure that the experimental data were placed appropriately upon the theoretical calculations by determining the location of the step for both theory and experiment. When the data were taken, the microprobe was moved to the location under the step and its position in the scan was recorded. Figure 2 shows the location of the step relative to the origin of the coordinate system, which is used for the theoretical calculations.
Data Set II
A second set of data was also obtained. Essentially the same experimental set-up was used, but a negative bi-polar pulse (1 cycle) was applied to the transducer. The pulse width was 0.44 microseconds and the pulser output voltage was 375 V. The resulting A-scans were analyzed using the FFf-method. The Ascans were obtained by incrementing the laboratory x-y scanner by 0.0381 cm. Figure 6 shows the data obtained for the 60 mil step for the 45° longitudinal case and Fig. 7 , for the 45° shear case for all steps. Figure 3 shows very good agreement between the experimental data for the normal orientation (Data Set I) and the theoretical calculatioru for all of the steps. Comparison with Reference 1 shows that the two sets of data agree very well and within experimental uncertainties. One also notes that the recentlymodified theory gives an improved fit to the data.
DISCUSSION
When comparing the data shown in Fig. 4 for the 45° longitudinal case with that shown in Reference 1, one sees comparable results for the 10 mil step. However, for the 30 and 60 mil steps the data in Reference 1 show a sizeable secondary peak to the right of the main peak while in Data Set I only traces of this secondary peak are evident. The data for the 30 mil and 60 mil steps in Reference 1 were re-examined. A composite C-scan was obtained by placing a gate of 0.7 microseconds over the first cycle of the eight cycle tone burst. This type of gating was used to eliminate any interference between the longitudinal and shear waves. The results were the same as reported in Reference 1.
Additional data for the 60 mil step was obtained in Data Set II, shown in Fig.  6 , and here we see a strong secondary peak, even stronger than in Reference 1. The most likely explanation for these differences is a slightly different orientation of the transducer bracket upon the plate. For example, theoretical calculations show that, if the central ray of the transducer is displaced only 1 mm from the top of the step, significant changes occur in the theoretical curve. It is important to note that in Fig. 6 the agreement between the data and the theoretical curve is very good. Figures 5 and 7 show the two sets of data obtained for the 45° shear case and the corresponding theoretical curves. The agreement between the experimental data and the theoretical calculations is very good, and we shall make some comments about this now as well as comparing the two sets of data. For the nostep case, the agreement between theory and experiment is better in Fig. 5 . One notes that the experimental data is broader in Fig. 7 . For the lO-mil step, the small peaks to the right of the main peak are more pronounced in Fig. 7 . For the 30-mil step, the theoretical calculations agree very favorably with the experimental data in Fig. 5 and only slightly less so in Fig. 7 . The reason for this is that the peak on the left side is not as broad in Fig. 5 as in Fig. 7 and the minimum between the two peaks has a smaller value in Data Set I. For the 60-mil step, the theory agrees very well with the data in Fig. 7 due to the existence of a secondary peak that is absent in Fig. 5 . The differences in the two sets of data are probably due to slightly different alignments of the transducer bracket relative to the plate.
In conclusion, this model provides a very good description of the data for the normal orientation, for 45° longitudinal wave generation, and for 45" shear wave generation. Thus, the hybrid Gauss-Hermite ray-tracing model is validated for the step discontinuity for the goal of ascertaining the adverse effects of surface conditions. 
